Mice of the inbred strain NZB/BI spontaneously develop several parameters of autolmmune disease, namely autoimmune hemolytic anemia (1-3), thymic germinal centers (4--7), and kidney lesions similar to those seen in systemic lupus erythematosus (8-10). These mice accordingly serve as a unique and invaluable model for a study of the underlying causes of autoimmune disease. Although at least one genetic component is involved in the development of this syndrome (11, 12), its precise mode of action is at present unknown.
rMMUNOGLOBULINS IN NZB MICE
colonies were originally derived from breeding pairs obtained from the colony of Dr. Marianne Bielschowsky. We are indebted to Dr. Margaret Holmes and Dr. Halsted Holman for providing the NZB mice or sera used in this study. Mice of the other inbred strains used and hybrids of NZB mice were obtained through the kindness of Dr. L. A. Herzenberg from colonies maintained in the Department of Genetics, Stanford University School of Medicine.
Mouse Serum Pools.--The various mouse sera used in this study were obtained by tail bleeding of the appropriate mice. Each serum pool consisted of equal volumes of 6-10 individual sera from mice of identical strain, age, and sex.
Estimation of Immunoglobtdin Le0ds.--The basic assay used involves the inhibition of precipitation of l~I-labeled immunoglobulins by the test serum as compared to a purified immunoglobulin standard using specific antisera for precipitation. The methodis similar to that reported by Weiler et al. (23) , and Fahey and Lawrence (24) for the determination of human immunoglobulin concentrations. Four different precipitating assays were developed, each specific for one of the five mouse immunoglobulin classes. ('yC~b-leveis were not qtmntitated, see Results.) The four antigen-antibody combinations used are listed in Table I ; each assay was shown to be specific for the designated immtmoglobulin class by the failure of proteins of other classes to inhibit the precipitation of the labeled protein.
The serum concentration of each particular immunoglobulin class was determined by testing three to four serial twofold dilutions of the test serum for inhibitory capacity in the particular assay. The degree of inhibition was compared with that obtained with known amounts of a purified immunoglobulin preparation of the appropriate class. The results are plotted as the redprocal of per cent-labeled antigen precipitated against the amount of inhibitor protein or serum used. The complete methodology used in these assays, i.e. amounts of reagents, buffers, conditions of precipitation, etc., was identical to that previously described in detail (25, 26) .
Immunization of Rabbits.--Rabbits were immunized with purified mouse myelonm proteins or various fractions of normal immunoglobulins by methods previously described (26) . When necessary, the antisera obtained were absorbed with either lyophilized mouse 3'-globulin or mouse myeloma proteins.
Isolation and Iodination of Mouse
Immunoglobulins.--The methods used for isolation of these proteins have been previously described in detail (26) . Labeling with 1~I was performed by the method of Greenwood et al. (27) . Many of the antigens and rabbit antisera used in this work were prepared in the course of other studies on mouse immunoglobulin antigens by Dr. L. A. Herzenberg and Dr. N. L. Warner. We are extremely grateful to Dr. Herzenberg for making these available for the studies reported in this paper.
Dire~t Antiglobulin (Coombs) Tests.--Mice were bled from the tail into citrate-saline and NT, not tested.
the erythrocytes were washed four times in large volumes of isotonic saline at 37°C. The cells were then brought to a 20-30% suspension for the Coombs' test. Each suspension was tested as described by Long et al. (28) , using various rabbit antisera at several dilutions.
Quantitation of Immunoglobulins on Mouse
Erythrocytes.--Four times-washed mouse erythrocytes were brought to a certain volume in saline, a sample was counted in a hemocytometer, and the suspension then adjusted to a known cell concentration (usually around 4.0 X I(P/ ml). Samples of the cell suspensions were then placed in inhibition assays to determine the content of immunoglobulins of each class. The results are expressed as micrograms of immunoglobulin protein per 101° red cells.
RESULTS

Serum
Immunoglobulin Concentrations:JAil determinations of serum immunoglobulin concentration given in Tables II and III were performed on pools of mouse sera. The values for NZB mice of ages 2-9 months from two different colonies are presented in Table II together with the values for several different inbred strains and their hybrids.
Recently it has been found that heterologous rabbit anti-mouse immunoglobulin sera may contain antibodies directed to allotypic determinants (29) . These antisera cannot be used in assays to determine immunoglobulin concentration since sera from strains lacking the particular allotypic antigen will not be capable of completely inhibiting precipitation. A linear relationship will, therefore, not be obtained in the plot of reciprocal per cent precipitation. In Hybrids listed in Table II . § Normal strains listed in Table II. the "YG2b-assay it was found that all rabbit anti-mouse "YG2b-sera used, detected an allotypic antigen present in all strains except those carrying the Ig-3 d and Ig-3 ° alleles (30) which include NZB. Values for ~,G2b-levels in NZB have not, therefore, been included. Some inhibition was still obtained, however, with NZB sera in the 5,G~b-assay, due to antibodies in the rabbit antiserum directed to (nonallotypic) "yG~b-class-defining specificities, and it appeared that the level of "yG2b was not elevated in NZB sera. Allotypic antigens were not detected in any of the other four assays, since all mouse sera used completely inhibited precipitation of the labeled antigen when sufficient inhibitor was used.
The results of immunoglobulin class quantitation from various strains have been grouped, and a mean value determined. This is presented in Table II1 for mice between 4-6 months of age. In view of the consistent elevation of "yM-immunoglobulins observed in pooled NZB sera, individual mouse sera were also analyzed. It was found that most NZB mice tested had elevated 7M-levels (10/14 8 months over 2 mg/ml), whereas only an occasional normal mouse showed an elevation over 2 mg/mi (2/20 C3H and BDP 1-yr-old mice). Old C57B1/10 mice were also found to have slightly elevated 7M-levels (mean 1.8 mg/ml at 1 yr) although it should be stressed that younger C57B1/10 mice had normal levels (mean 0.9 mg/ml at 8 months).
Antiglobulin Tests with NZB Mouse Erythrocytes:--Washed erythrocyte
suspensions from 39 NZB mice ranging in age from 7-12 months old were tested by the direct Coombs' test with various antiglobulin reagents. 35 of the 39 mice gave a positive direct Coombs' test with a polyvalent rabbit antimouse whole serum (previously absorbed with C57Bl-washed red ceils). Four other antisera were then tested for their ability to agglutinate many of the NZB erythrocyte suspensions. Each of these antisera had been appropriately absorbed where necessary to render them specific for only one of the mouse immunoglobulin classes. Each antiserum was titrated against each of the five l~5I-labeled purified immunoglobulin preparations (indicated in Table I with MPC-31 for 3'G~b), and was found capable of precipitating only one of these proteins. Three of the four antisera used were absorbed rabbit anti-mouse immunoglobulin sera, the other being an alloantiserum containing antibodies directed to 7G~-allotypic specificities present in NZB. Although the specific rabbit antisera were not absorbed with normal mouse red cells no agglutination of washed erythrocytes from any normal strain was ever detected with these sera.
The results of antiglobulin tests are presented in Table IV as the number and percentage of mice tested that give positive Coombs' tests with the various antisera. The group of mice tested included approximately equal numbers of both sexes, and the Coombs' results were similar for both. The mice were divided into two age ranges, 7-9 and 10-12 months. (These are different mice
and not repeated tests on the same mice.) Although the results for the two groups are basically similar, a higher percentage of positive Coombs' tests was obtained in the older mice with all reagents except anti-~,G1. Nearly all mice have "yGl-autoantibodies on their red cells, and a very strong agglutination was usually obtained with the anti--3,Gl-reagent. The results from both groups show that 86% of the mice had 3,Gi-autoantibodies on their red cells. The other immunoglobulin classes were encountered less frequently. The autoantibody population can therefore consist of antibodies of any of the immunoglobulin classes ('yG2b has not been tested), and furthermore most of the mice simultaneously have autoantibodies of more than one class. 8 of the 35 positive mice simultaneously had autoantibodies of all four immunoglobulin classes. There did not seem to be any pattern of association of classes in the other mice; i.e., some mice positive for ~,M were positive for 3'Gu and some were not, etc. With only one exception, however, ~/A-antibodies were only found when all other classes were present.
Antiglobulin Tests with (NZB X NZC)F1 Hybrid Mouse Erythrocytes:--
Erythrocytes from 15 (NZB X NZC)F1 hybrids and 16 hybrids of NZB with other strains were Coombs' tested with various antiglobulin sera. The tests were repeated on the same mice at different ages. By 8-9 months many of the (NZB X NZC)Fa hybrids were Coombs' positive, whereas even by 12 months, only ~6 of the other hybrids was Coombs' positive. The 15 (NZB X NZC)Fa hybrids included six males and nine females, and the degree of agglutination obtained with the erythrocytes from the female mice was usually much greater than from males. Although the numbers of mice are small, there was a definite tendency for the female mice to become Coombs' positive before the males.
The results are presented in Table V and show that the incidence of ~,Mautoantibodies rises with increasing age of the mice, whereas the incidence of "tGl-antoantibodies is nearly maximal at all ages tested. The incidence of both ~'G2a-and ~,A-autoantibodies is much lower than that observed in the NZB mice. The four mice which had ~,G~a-autoantibodies were also Coombs' positive with an alloantiserum specific for the NZB parental type.
Quantitation of Immunoglobulins on Mouse Erythrocytes:--In an attempt to
quantitate the amount of autoantibody of each immunoglobulin class present on the NZB erythrocyte, we have taken advantage of the inhibiton of precipitation assays used for determining serum immunoglobulin levels. Mouse erythrocytes were washed four times in saline, and samples of the red cell suspension (of known concentration) were placed in various immunoglobulininhibition assays. Inhibition of precipitation of the labeled immunoglobulin should only be given by virtue of the presence of the immunoglobulin (antierythrocyte autoantibody) on the red cell surface. By comparing the degree of inhibition obtained with the "coated" red cells with that given by a purified immunoglobulin a value was obtained for the amount of immunoglobulin per given number of red cells.
Unfortunately, washed mouse erythrocytes from normal strains have always given a slight degree of inhibition. This is not due to a failure to wash out all the serum proteins, since when sheep red ceils were incubated in normal mouse serum and then washed in an identical fashion no inhibition at all was observed (whereas when mouse anti-sheep erythrocyte serum is used with sheep red cells, marked inhibition of precipitation is subsequently observed).
Erythrocytes from 16 normal mice of ages between 6 and 12 months (4 at 6 months, 8 at 10 months, 4 at 12 months) and representing seven different strains (three C57B1/10; three C3H.SW; one SEA/J; one A.SW; one LP; one BDP/J; six (C3I-I × DBA/2)F1) were washed four times and tested in the different inhibition assays, which were specific for 3'M-, ~'G~-, and a 3'Gassay in which qtGa, "yG2,, and ~'G,b were all detected (but not discriminated).
Erythrocytes from 13 NZB/B1 mice were similarly tested. (Ages: one at 3 months; one at 6 months; three at 8 months; four at 10 months; three at 12 months, and one at 18 months.)
All the normal mice were Coombs' negative, and all of the NZB mice (except the two at 3 and 6 months) were direct Coombs' positive with anti-q,Gand anti-ffM-antisera.
The results of inhibition assays with the washed erythrocytes are given in Table VI , as the micrograms of immunoglobulin per 10 x° red blood cells. Although the normal cells have given some inhibition, a significant elevation of 5'M and total "),G with only slight elevation of "yG2., was observed for the NZB erythrocytes. The values for the NZB erythrocytes less those of the normals would approximately correspond to 400 molecules of ~M and 5000 molecules of "),G per red cell (taking tool wt of ~'M at 9001000 and "),G at 160,000).
DISCUSSION
Inbred New Zealand black mice spontaneously develop a broad spectrum of immunological aberrations which range from the production of autoantibodies of several specificities (28, 31, 32) to lymphoma development (33) . These animals accordingly provide us with an eminently suitable model for examination of possible genetic components involved in autoimmune disease. This report is concerned with the expression of the immunoglobulin H chain genes in NZB mice as determined by measuring serum immunoglobulin class levels, and the class(es) of erythrocyte autoantibodies. Determination of serum immunoglobulin concentrations has shown that NZB mice have a specific elevation of only one immunoglobulin class, "),M (macroglobulin). The degree of "yM-elevation is by no means as high as that observed in classical Waldenstr6m's macroglobulinemia (34) , but is still particularly striking in that it is both specific for ~,M and is detectable many months prior to any previously recognized symptoms in these mice. The quantitative results presented in this report for all the immunoglobulin classes are in agreement with immunoelectrophoretic studies (35) which also demonstrated apparent increases in "~'M, and with several reports of serum protein concentrations as determined by paper (10) or cellulose acetate electrophoresis (36) which demonstrated elevations in the 5'-globulin region in sera of NZB mice. These latter observations however did not distinguish between the different immunoglobulin classes.
The specific elevation of "),M in NZB mice is quite different from the hyper-gammaglobulinemia of vG-type which is frequently observed in human autoimmune disease (15) , and the marked hypergammaglobulinemia in experimental aleutian mink disease (37) . Several possible explanations for the elevation of ~tM in these mice might be advanced. A decrease in catabolism of this protein would lead to increased serum levels without requiring any increased synthesis. Alternatively, an increased synthesis leading to elevated serum levels could be due to increased production per cell or to an increase in the number of "yM-synthesizing cells. Recent observations in man have shown that some of the human immunoglobulin H chain genes appear to be associated with different rates of synthesis of the protein (38) . It is therefore possible that the genetic type (allotype) of NZB "},M is also associated with an elevated rate of synthesis. However, in view of the well established lymphoproliferative changes observed in these mice (2, 33, 35) , an increase in "yM-synthesizing cells probably occurs. This could represent either a general immunological hyperreactivity or specific antibody responses.
Several groups have indeed speculated that autoimmunity may be associated with (perhaps dependent upon) immunological hyperreactivity (35, 39) . There are, however, several difficulties with this concept as applied to NZB mice. Firstly, it would be unlikely that such a general hyperreactivity would not involve the ~,G-immunoglobulin classes; and secondly, preliminary observations have indicated that the response of NZB mice to direct immunization is not significantly elevated as compared with the range of reactivity observed in normal mouse strains. 1 One report has, however, stated that NZB mice do show increased hemolysin plaque production to sheep red cells as compared with one normal mouse strain (40) . This is difficult to evaluate, as there is a wide variation in the response to any given antigen by different inbred mouse strains (41, 42) . 2 This question will need critical examination with attention being paid to an analysis of "yM-and "yG-responses. Such studies are at present in progress.
The second alternative mentioned above implies that the increased ~,M represents specific antibody production. The known autoanfibodies in NZB mice do not account for this elevated ~,M since the antinuclear factors are ~,G (31) and although some of the erythrocyte autoantibodies are "yM-type, ~,G-components (particularly "}'G1) are also involved without being accompanied by an apparent increase in serum level.
Several recent reports relating to human macroglobulinemia might provide some clues for this increased ~/M. Seligmann et al. (43) have made a systematic survey of the sera of family members of Waldenstrt~m macroglobulinemic patients. Three main abnormalities were observed in these patients: (a) presence of a paraprotein of 3,M-type; (b) abnormal immunoglobulin levels without detectable paraproteins; and (c) abnormally high incidence of anti-'r-globulin factors in relatives less than 60 yr of age. These observations show an association of macroglobulinemia with some autoimmune manifestations, in a similar fashion to the well recognized association between acquired agammaglobulinemia and autoimmunity (44) . The similar association of autoimmunity and elevated macroglobulin levels in NZB mice may well indicate an underlying genetic defect linking these various aberrations of the immune system. Furthermore, it is pertinent to note that the three hybrids of NZB mice tested showed a lesser but still detectable elevation of ~'M. The elevation of all immunoglobulin classes in the C3H.SW mice is probably accounted for by their being under constant excessive antigenic stimulation, as this colony showed repeated infections and numerous early deaths.
Analysis of the immunoglobulin coating on red blood cells of old (8-12 month) NZB mice has demonstrated that all immunoglobulin classes can be represented in the autoantibody population. In a previous study by Norins and Holmes (22) , it was found that the major coating of red cells in direct Coombs'-positive NZB mice was a ~'-globulin. Our results are in agreement with this observation in identifying the major component to be "yGrglobulin; however, other immunoglobulin classes were also detected in the autoantibody population (notably "yM). This was probably not detected in the previous study (22) since the antisera used apparently did not recognize ~,M-globulin. A report on the serum of one NZB mouse (giving indirect Coombs'-positive test) does describe "yM-autoantibody, but not "gG (10) . Examination of more mice would probably have also demonstrated "rG.
Our observations are therefore in agreement with other reports (22, 28, 45) in indicating that in the NZB mice, as for warm erythrocyte autoantibodies in acquired human hemolytic anemia (46) , the bulk of the autoantibody response is of a classical "rG-globulin.
Antierythrocyte autoantibodies of several specificities have been described in NZB mice (28, 32) . The results presented in this paper do not discriminate between these possible antibody populations.
From intensity of agglutination patterns, incidence in the mice, and preliminary quantitative data, it appears that a marked preponderance of the antibodies are "yG1. Expression of the various immunoglobulin classes in a given antibody population can be markedly altered by the form of the antigen administration (47) . Of particular relevance is the preponderance of 7G1-antibodies in mice immunized with an antigen in the absence of complete Freund's adjuvant. ~ Further analysis of this restriction in immunoglobulin class of autoantibody is in progress in NZB mice. Of particular importance is the expression of the parental types in the autoantibody population. This can be examined in (NZB X NZC)F1 hybrids, since the two parental types belong to different alleles at each of the mouse immunoglobulin H chain loci (25) . Unfortunately, antigenic markers for ~Grallotypes have not been detected, even though a polymorphism of this heavy chain gene has been found by analysis of electrophoretic mobility (48) . In the four (NZB X NZC)FI mice that eventually developed ~¢G2,-autoantibody, NZB components were clearly demonstrated, although NZC immunogiobulin was not detected. However, in view of the lower titer of antibody used to detect NZC (as judged by precipitation of nSI-labeled globulin) further tests are needed to determine the incidence of the parental types It should be stressed that sequential examination of individual mice has not been done and these results do not provide any further information on the question of possible 3'M-to ~/G-conversion (49) within a specific antibodyforming clone.
Restriction of erythrocyte autoantibodies in human-acquired hemolytic anemia has been observed in some instances by examination of L chain types, and electrophoretic mobility of the eluted antibodies (50). We do not have any comparative data on L chain types at present. However, it is interesting to note that most of the restriction in electrophoretic mobility of human erythrocyte autoantibody was in the fast migrating region, analogous perhaps to ~'G1 in mice. Examination of human H chain subclasses might also indicate restriction in erythrocyte autoantibodies.
The expression of red ceil autoantibodies in NZB hybrid mice is dearly influenced by genetic factors (11, 12) . As previously reported (51), (NZB X NZC) F1 hybrids appear to be relatively unique amongst NZB hybrids in that development of Coombs' positivity occurs at a similar age to the NZB parent strain. However, as demonstrated by expression of the immunoglobulin classes, the full qualitative development of erythrocyte autoantibodies observed in NZB mice is not realized in most of the (NZB X NZC) F1 hybrids.
Preliminary attempts to quantitate the amount of autoantibody of various classes on the NZB red cell has been partly hampered by the persistent background inhibition of precipitation given by washed normal mouse red ceils. This background level is probably not due to immunoglobulin, since inhibition was still given in assays detecting an allelic form not represented in the genotype of the normal red cell donor. Calculation of the approximate number of immunoglobulin molecules per NZB red cell gives the value of 400 ~M-molecules and 5000 "t G-molecules.
Previous studies of the amount of antierythrocyte antibody on red blood ceils have shown a wide variability between the number of molecules required to saturate the available antigen sites and the number required for the detection of the biological activity of the antibody. Greenbury, Moore, and Nunn (52) , using rabbit antisera and human A red cells, found that the maximum number of molecules which could be bound per cell was 8.3 X 105 for 7G and 1.7 X 105 for 7M. In contrast the number of molecules required at the 50% agglutinating concentration was 1.9 X 104 for 7G and 2.5 X 10 ~ for 7M per cell. In the case of human anti-Rh antibody, perhaps more analogous to our experimental situation, Mollison and Hughes-Jones (53) showed that as few as 10 molecules of antibody per Rh-positive cell would significantly decrease the in vivo half-life of the coated cells. The data reported in the present paper concerns the actual measurement of the number of antibody molecules fixed in vivo to the red cells rather than a minimum number needed for detecting antibody activity or the maximum number capable of being bound to the red cell. Thus it is apparent that for a full understanding of the antibody-mediated anemic state we must take into account the quantity of antibody present on the red cells and the biologic activity of the immunoglobulin class of erythrocyte-bound autoantibody.
SUMMARY
Determination of serum immunoglobulin levels in NZB and normal mice has indicated that an elevation of the 7M-globulin level occurs in NZB mice. This can be demonstrated in young NZB mice well before other autoimmune manifestations are observed. A slight elevation of 7M-globulin was also observed in NZB hybrid mice.
Erythrocyte autoantibodies were analyzed by the direct Coombs' test with specific antiimmunoglobulin reagents. Autoantibodies in NZB mice can be of all immunoglobulin classes, although predominantly of 7Grclass. In (NZB X NZC)FI hybrid mice, although Coombs' positivity develops around the same age as in NZB mice, there is a greater restriction of the autoantibodies into 7M-and 7Grclasses.
Preliminary attempts to quantitate immunoglobulins coating NZB red cells have shown that there are approximately 400 molecules of 7M and 5000 molecules of 7G-globulin per NZB mouse red cell.
